ABSTRACT. Inorganic lead halide perovskite materials have attracted great attention recently due to their potential for greater thermal stability compared to hybrid organic perovskites.
Halide perovskite materials have emerged as excellent candidates for photovoltaic applications in recent years. [1] [2] [3] [4] High device efficiency and low materials costs have given perovskite solar cells (PSCs) strong potential as a competitor for silicon solar cells. [5] [6] [7] To date, the highest reported power conversion efficiency (PCE) of hybrid organic-inorganic PSCs is up to 22.7%, 7, 8 which is higher than the efficiencies of polycrystalline silicon solar cells, cadmium telluride (CdTe) solar cells and copper-indium-gallium selenide (CIGS) solar cells. However, the stability issue of organic-inorganic halide perovskite materials is still a key challenge for the application of PSCs in commercial applications due to high volatility of organic components in hybrid perovskite compounds. [9] [10] [11] In contrast, inorganic perovskite materials could have better intrinsic thermal stability. 12 Previous research suggests that pure CsPbI 3 perovskite can maintain the stable cubic phase over 400 °C. 12, 13 Thus, significant effort has been focused on developing of PSCs with the inorganic cesium lead halide light absorbers. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] Sutton et al. systematically investigated the stability behavior of the cesium lead halide compounds, and reported inorganic PSCs with a PCE of 9.84%. 13 Chen et al. used the vacuum-deposition method to prepare inorganic cesium halide PSCs and achieved a device efficiency over 11%. 24 Zeng et al. reported a polymer-passivated cesium lead halide PSC based on the inorganic perovskite nanocrystals with the PCE of over
12% and an open-circuit voltage (V OC ) of over 1.3 V. 17 Wang et al very recently reported a certified efficiency of 14.67%, which is also the highest efficiency of an inorganic perovskite solar cells to date. 26 Despite the rapid research progress on improving efficiencies with inorganic PSCs, the processing of inorganic perovskite film is still challenging. Because the conversion temperature of CsPbI 3 from the non-perovskite phase to cubic perovskite phase occurs at over 300 °C, 12, 13 the fabrication process of CsPbI 3-x Br x -based inorganic perovskite films generally 4 require a thermal annealing treatment at temperatures up to 350 °C. 13, 15-20, 23, 24, 27 The high temperature thermal annealing treatment not only increases the cost of inorganic PSCs but it can prevent the application of inorganic perovskite materials on polymer-based flexible substrates.
To reduce the operation temperature of cesium lead halide perovskite films, several approaches have been examined in the past two years. 14, [28] [29] [30] [31] [32] [33] [34] Another polar aprotic solvent used to fabricate organic-inorganic hybrid perovskite solar cells is 1-methyl-2-pyrrolidone (NMP). 53, [55] [56] [57] [58] Compared with DMF and DMSO, NMP has good 6 solubility for cesium lead halide precursors and weak coordination affinity for lead compounds.
Results and
NMP has other advantages as well including better crystallization of perovskite film and miscibility with other solvents, and has been reported as thesolvent to fabricate hybrid organicinorganic perovskite solar cells under room temperature. 55, 57 Hence, we focus on NMP as the solvent for preparation of inorganic lead halide perovskite films with room temperature processing.
It can be seen from Figure 1a that the CsPbI 2 Br perovskite films can be successfully prepared by the vacuum-assist deposition process under room temperature. [48] [49] 59 After the NMP solvent was extracted from the film under vacuum, the light brown CsPbI 2 Br perovskite film was disappear. In contrast, no change is observed in the XRD spectra for the room temperature processed CsPbI 2 Br film for over 1 week (Figure 2c ). This indicates that the room temperature processed film has improved humidity stability and will therefore likely lead to improved operational lifetime as well.
Films with larger grain size are generally more compact than the films with small grain size, and the more compact film should have better stability because of the better resistance to the degradation from moisture and oxygen. 49 However, recent studies suggest that cesium lead halide perovskite films with small grain size have significantly improved stability than films with larger grain size. [28] [29] The reduction in the number of pinholes and defect passivation on the surface are believed to be the main contributions to the improved stability. Our observation is 9 consistent with these studies. Previous studies also have found that grain boundaries play an important role in the perovskite film degradation process. [61] [62] Chemical residues at the grain boundaries are suggested to be one possible reason for accelerated degradation of perovskite films. Overall, the room temperature processed technique provides an effective approach to improve the humidity stability of CsPbI 2 Br films. respectively. Moreover, the room temperature processed device only shows a small photocurrent hysteresis when measured under forward and reversed scan mode (Figure 3d ).
Based on the room temperature processing technique, inorganic cesium lead halide perovskite device were prepared on flexible substrates (Figure 4a ). An ITO/poly(ethylene terephthalate) (PET) flexible substrate was used to replace the rigid ITO/glass substrate to prepare the flexible device. Figure 4b shows the J-V curve of the flexible cesium lead halide perovskite solar cell.
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The flexible device shows a PCE of 6.50% under 1-sun illumination, with a J SC of 12.0 mA cm −2 , a V OC of 1.05 V and a FF of 51.4%. The unencapsulated flexible device maintained an efficiency of 6.05% after 2 months storage in inert atmosphere, which is 93% of the original efficiency. 
Conclusions
In summary, we demonstrate an approach to prepare inorganic lead perovskite films with a room temperature process. The room-temperature film shows improved humidity stability over films prepared by high temperature annealing treatment. Utilizing the room temperature approach, the inorganic lead perovskite solar cells are successfully prepared on rigid substrates and flexible substrates. This work demonstrates the integration of inorganic halide perovskites into flexible solar cells and highlights the great potential of inorganic perovskite materials for a range of flexible optoelectronic devices. 
Experimental Section

Materials and Precursor
Measurement and Characterization:
The current density-voltage characteristics (J-V curves)
were obtained using a Keithley 2420 sourcemeter under AM1.5 G solar simulation (xenon arc lamp with the spectral-mismatch factor of 0.980.) where the light intensity was measured using a NREL-calibrated Si reference cell with KG5 filter. For devices with annealing treatment, the devices were encapsulated in epoxy in glovebox before being tested due to their sensitivity to air.
The room temperature films and devices, include the flexible devices, were generally tested under ambient air condition (the RH  36  4%) without any protection or encapsulation.
Devices were scanned at a rate of 50 mV s -1 . The EQE measurements were performed using a QTH lamp with a monochromator, chopper, lock-in amplifier, and calibrated Si detector to measure the intensity. XRD data was measured using CuKα (0.154 nm) emission with a Bruker D2 phaser. The PL, UV-vis and XRD were measured on un-encapsulated samples in ambient air (the relative humidity  22  4%). A field-emission scanning electron microscopy (Carl Zeiss Auriga Dual Column FIB SEM) was used to acquire SEM images.
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